We are conducting a genome scan at an average resolution of 10 centimorgans (cM) for type 2 diabetes susceptibility genes in 716 affected sib pairs from 477 Finnish families. To date, our best evidence for linkage is on chromosome 20 with potentially separable peaks located on both the long and short arms. The unweighted multipoint maximum logarithm of odds score (MLS) was 3.08 on 20p (location, x ‫؍‬ 19.5 cM) under an additive model, whereas the weighted MLS was 2.06 on 20q (x ‫؍‬ 57 cM, recurrence risk, s ‫؍‬ 1.25, P ‫؍‬ 0.009). Weighted logarithm of odds scores of 2.00 (x ‫؍‬ 69.5 cM, P ‫؍‬ 0.010) and 1.92 (x ‫؍‬ 18.5 cM, P ‫؍‬ 0.013) were also observed. Ordered subset analyses based on sibships with extreme mean values of diabetesrelated quantitative traits yielded sets of families who contributed disproportionately to the peaks. Two-hour glucose levels in offspring of diabetic individuals gave a MLS of 2.12 (P ‫؍‬ 0.0018) at 9.5 cM. Evidence from this and other studies suggests at least two diabetes-susceptibility genes on chromosome 20. We have also screened the gene for maturity-onset diabetes of the young 1, hepatic nuclear factor 4-a (HNF-4␣) in 64 affected sibships with evidence for high chromosomal sharing at its location on chromosome 20q. We found no evidence that sequence changes in this gene accounted for the linkage results we observed.
Type 2 diabetes is a common multifactorial heterogeneous disease with both genetic and environmental determinants and an uncertain mode of inheritance (1) . At least three groups have recently completed genome scans for type 2 diabetes and many are nearing completion. Hanis et al. (2) reported genome-wide significance on chromosome 2q37 on a combined data set of 440 Mexican-American affected sib pairs (ASPs). In a sample from Botnia, Western Finland, a small number of selected pedigrees with the lowest quartile for mean 30-min insulin levels after oral glucose tolerance tests showed significant evidence for linkage to type 2 diabetes on chromosome 12q (3). More recently, evidence for linkage was obtained on chromosome 11q for both diabetes and body mass index (BMI) in 264 Pima Indian families (4) .
In contrast, maturity-onset diabetes of the young (MODY) is a rare monogenic form of type 2 diabetes that has an autosomal dominant mode of inheritance. At least five different genes, located on chromosomes 20, 7, 12, 13, and 17, independently cause MODY within single pedigrees (5) (6) (7) (8) (9) . MODY genes may also play a minor role in the common form of type 2 diabetes (10) .
Several groups have reported modest evidence for linkage on chromosome 20 for type 2 diabetes (11) (12) (13) . All of these linkage peaks cover broad regions and appear to include the MODY1 gene (hepatic nuclear factor-4a or HNF-4␣). Here, we report our results from chromosome 20 as part of an ongoing genome scan in a large Finnish sample of affected sibships and extended families (14) . Together with results from previous studies, our findings support the evidence for more than one diabetespredisposing gene on chromosome 20. We also show that variants in the HNF-4␣ gene for MODY1 do not explain the suggestive logarithm of odds (lod) scores detected on chromosome 20q.
MATERIALS AND METHODS
Study Design. The Finland-U.S. Investigation of Non-InsulinDependent Diabetes Mellitus Genetics (FUSION) Study is an international collaborative effort with the goal of mapping and cloning the genes predisposing to type 2 diabetes and intermediate quantitative traits in Finnish subjects (14) . Briefly, index cases were ascertained with age of onset 35-60 years and with at least one type 2 diabetic sibling. Fasting glucose, fasting insulin, C-peptide, and glutamic acid decarboxylase antibody were measured in all affected individuals. An oral glucose tolerance test conforming to World Health Organization standards (15) was performed on all unaffected subjects and on untreated or diettreated diabetic subjects.
In a subset of families, unaffected spouses and offspring of an index case or affected sibling were also invited to undergo a tolbutamide-modified frequently sampled intravenous glucose tolerance test. Minimal model analysis (16, 17) was used to derive estimates for glucose effectiveness (S G ), insulin sensitivity (S I ), acute insulin response to glucose (AIR G ) (18) , and the disposition index (DI ϭ S I ϫ AIR G ) (17) . Lacking direct assessments of these metabolic parameters in our affected subjects, we derived surrogate empirical indices to allow us to analyze these traits. We assessed insulin sensitivity using [1͞(fasting glucose ϫ fasting insulin)] (19) and refer to this as S I (estimated). We assessed insulin secretion using two different indices: IR I ϭ fasting insulin͞ fasting glucose and IR C ϭ fasting C-peptide͞fasting glucose. These empirical indices were also computed and analyzed for unaffected subjects.
Before statistical analysis, we excluded 134 family members in which an affected sibling or first-degree relative met criteria for probable type 1 diabetes (14) . We used the program RELPAIR (20) to estimate identity by descent (IBD) sharing of marker genotypes to identify likely misspecified relationships. Using this method we identified and excluded four monozygous cotwins, 14 probable half-sibs, and four suspected duplicate samples. In the quantitative trait locus (QTL) analysis, individuals who took medication relevant to the analysis variable of interest were also excluded but on a case-by-case basis.
Marker Typing on Chromosome 20. Thirty-eight loci were selected from among dinucleotide and tetranucleotide repeat markers located on chromosome 20. Primers were designed from GenBank database sequences. All reverse primers were ''G-ended'' on the 5Ј end to promote nontemplated addition of adenine by Taq DNA polymerase (21) . Detailed genotyping methodology appears elsewhere (22) (23, 24) . We used gene counting to estimate allele frequencies for each marker using the complete FUSION family data set and 231 unrelated elderly Finnish normoglycemic controls. These estimates were used in subsequent linkage analyses. As our primary linkage analysis we used a mode-of-inheritance free ASP method introduced by , as implemented in the computer program SIBLINK (28, 29) . We carried out maximum likelihood estimation of the IBD sharing vector for an additive genetic model and under the ''possible triangle constraints'' (30) . Analyses were performed both by (a) treating all ASPs as independent and (b) by correcting for the dependence among ASPs from the same sibship by weighting the contribution of each ASP by 2͞s, where s ϭ number of affected sibs in a family (31) .
The analyzed dataset consisted of 385 nuclear families with two affected sibs, 83 with three, six with four, and one each with five, six, or seven. From our 477 families we constructed a total of 716 ASPs that, with weighting, were approximately equivalent to 584 (sϪ1) sib pairs (31) . Because the distribution of the MLS is unknown for this problem, we estimated empirical P values using computer simulation of 10,000 replicates of 584 independent ASPs.
In an attempt to reduce the impact of genetic heterogeneity, we explored the ASP-specific lod scores subsetting on diabetes-related quantitative traits that may reflect different underlying susceptibility genes influencing type 2 diabetes in these families. The ASP families were ranked by the mean value of diabetes-related quantitative traits in the affected sibs and the cumulative sum of the lod score grid was evaluated consecutively after each family was added in order. This analysis was performed twice, once starting with the lowest-ranked family to the highest ranked and once from the highest-ranked family to the lowest ranked. The maximum of the cumulative MLS was recorded each time. We performed this ordered subset analysis using fasting glucose, fasting C-peptide, fasting insulin, S I (est.) IR I , IR C , age of diagnosis, BMI, and number of sibs. We generated the empirical distribution to estimate the P values under a permutation test framework (32) .
(ii) QTL Linkage Analysis. We used a mode-of-inheritance free method for QTL analysis using multipoint variance components (33, 34). We modeled affected and unaffected subjects separately because of the large differences in trait variance observed between these groups (14) . In addition, we computed analyses on unaffected offspring alone to avoid difficulties because of intergenerational differences in variance. We transformed all data to approximate univariate normality before analysis and modeled mean levels of each quantitative trait value as a linear function of age and gender. Because obesity is a known risk factor for type 2 diabetes (35) and genes for obesity may overlap with those for type 2 diabetes, we tested models with and without BMI as a predictor. We implemented the variance components approach using a version of the pedigree analysis program FISHER (36) that incorporates estimation of IBD probabilities based on the multipoint algorithm used in SIBLINK (29) . For our strongest multipoint linkage results, we computed empirical P values based on 10,000 simulation replicates each.
Single-Stranded Conformational Polymorphism (SSCP) and Sequence Analysis of HNF-4␣. One individual from each of 64 type 2 diabetic sibships with a high degree of IBD sharing in the approximate location of the HNF-4␣ gene was chosen from the sample for the initial SSCP screening. The estimated IBD proportion for the selected sibships ranged from 0.64 to 0.99. Sixteen individuals who were 70 years of age with no history of type 2 diabetes and with two recent negative oral glucose tolerance test results were selected as controls. A total Twenty-four primer sets were designed to screen the entire coding region (12 exons) for sequence variation of the HNF-4␣ gene as well as 1 kb of the near promoter region and the 3Ј untranslated region. The sequences used for primer design were from Yamagata et al. (GenBank accession no. U72960), and several of the coding region primer sets were taken from published material (5). The primer sequences are available on our website. The amplification conditions and the direct DNA sequencing protocol have been described previously (37) .
RESULTS
In our genome scan for type 2 diabetes (now over 90% complete), only two regions, to date, had weighted multipoint lod scores of 2 or higher. Both were located on chromosome 20. Results from the rest of the genome scan will be reported elsewhere on completion.
We estimated the chromosome 20 genetic map length to be 100.9 centimorgans (cM). Our map includes 38 markers at an average density of 2.6 cM. Single locus MLSs and heterozygosities are presented for each marker in Table 1 . Using multipoint analysis under an additive model, we observed weighted multipoint lod score peaks of 1.92 (P ϭ 0.013) at 18.5 cM, 2.06 (P ϭ 0.009) at 57 cM, and 2.00 (P ϭ 0.01) at 69.5 cM. The corresponding unweighted multipoint MLSs were 3.08 at 19.5 cM, 2.74 at 58.5 cM, and 2.05 at 69.5 cM (Fig. 1) .
We also performed ordered subset analysis on nine different quantitative traits. We describe results only in cases where small numbers of families contributed disproportionately to the high lod scores generated from the whole dataset. The 15 sibships (3% of the total number of families) with the lowest mean BMI (19.81-23.62 kg͞m 2 ) produced a weighted multipoint MLS of 2.56 at 53 cM. Similarly, the 19 sibships (4%) with the highest IR C (3.5-6.3 ϫ 10
Ϫ7
) gave a weighted multipoint MLS of 3.46 at 53.5 cM (Fig. 2) . Thus, these different subsets of the data give MLSs in the neighborhood of our second peak at 57 cM when using all families. The 70 sibships (15%) with the highest IR I (17.13-42.90 ϫ 10 Ϫ9 ) yielded a lod score of 3.06 at 66 cM, close to our third peak at 69.5 cM for the overall analysis (Fig. 2) . Finally, 89 sibships (19%) with the highest mean fasting C-peptide (2.24-4.46 nmol͞l) gave a lod score of 2.93 at 21 cM, in close proximity to our first peak using the whole dataset (Fig. 2) . In no cases were the empirical P values for the ordered subset analyses significant at the 0.05 level (data not shown), but we report the analyses because of their potential biological interest.
We performed variance components analyses of quantitative traits on a total of 194 unaffected spouse and 520 unaffected offspring of diabetic subjects from 210 extended families, after adjusting for age and gender. A multipoint MLS of 1.06 at 19 cM was observed for 2-hr insulin and this increased to 1.30 at 19.5 cM in the offspring-only analysis (Fig. 3) . A MLS of 1.12 was generated at 19.5 cM for IR I by using all unaffecteds, and the MLS increased to 1.24 at the same location in the offspring-only analysis. Finally, a MLS of 1.59 was observed at 9.5 cM for 2-hr glucose while a MLS of 1.87 was observed at the same location in the offspring-only analysis. When an additional adjustment was made for BMI, we observed a MLS of 1.78 (empirical P value ϭ 0.0008) at 9.5 cM for 2-hr glucose. When only offspring were analyzed, the MLS for 2-hr glucose increased to 2.12 (empirical P value ϭ 0.0018). The other quantitative measures did not yield higher lod scores after the additional adjustment with BMI. No other quantitative measures in affecteds or unaffecteds (including results from the frequently sampled intravenous glucose tolerance test) gave multipoint lod scores over 1 in these analyses.
We investigated the possibility that the lod score peak at 69.5 cM could arise from variants in the MODY1 (HNF-4␣) gene, which was mapped by us to the D20S96-D20S119 (62.7-66.1 cM) interval using radiation hybrid mapping (data not shown). Analysis of 12 HNF-4␣ exons and the promoter region in at least 16 controls and 64 individuals from affected sibships, who showed high sharing at MODY1, revealed 14 base substitutions (three altering amino acids) and three deletions ( Table 2) . Twelve of these changes have not been described previously. Five substitutions were unique to single diabetic families and were not found in at least 144 controls that were successfully typed ( Table 2 ). The specific rare variant was associated with affection status in each of these families, whereas the wild-type allele was always present in unaffected spouses. Of these rare variants found in single diabetic families, three occurred near splice junctions, but not in the conserved donor or acceptor sites. The intron 1b C(ϩ64)A substitution was also relatively rare, found in one control but in no diabetic individuals.
Six new and more common changes were identified in both affecteds and control individuals ( Table 2) . None of the common variants were significantly associated with diabetes. The intron 1b substitution, T(-38)C, was significantly less frequent in diabetic individuals compared with controls (P ϭ 0.03; Table 2 ). Two nucleotide substitutions that resulted in amino acid changes were found in both affecteds and in controls (V49M and T130I). These two variants have been reported previously (5, 38, 39) . The third nucleotide substitution, which was unique to one diabetic family, occurred in exon 1a (40) and could lead to a valine-to-isoleucine change (V8I). However, since there is still controversy as to the possible start sites in HNF-4␣ gene, it is unclear whether this change is at the 5Ј untranslated region or in the coding region (40, 41) .
When the five families with unique variants in HNF-4␣ were removed, the MLS on chromosome 20q dropped to 1.74 at 69.5 cM, under the weighted additive model.
DISCUSSION
We analyzed a large group of Finnish type 2 diabetic families and found evidence for linkage to chromosome 20. Three linkage peaks were seen after analyses of diabetes and diabetes-related traits. These linkages were at approximately 0-25 cM, 50-60 cM, and 63-72 cM respectively from the marker D20S103. Although the second and third peaks could be explained by a single susceptibility locus, evidence for linkage on both arms on chromosome 20 argues for the presence of more than one susceptibility locus. As far as we know, we are the first group to show evidence for linkage to the proximal p arm of chromosome 20 in type 2 diabetes. Most of our evidence comes from families with affected sibships greater than two. Ordered subset analyses of our data revealed that a small number of families, with high or low values of important diabetes-related traits, give rise to large lod scores near the three peaks. These analyses provide additional evidence for more than one susceptibility locus on this chromosome. Caution is required in interpreting these results, however, since none of the subset analyses resulted in P values approaching traditional levels of statistical significance.
At least three other groups have reported similar results on 20q (11-13). Ji et al. (11) examined 29 extended Caucasian families comprising 498 individuals, 159 of whom had type 2 diabetes. Although there was weak evidence for linkage in the total data set, sibs with an age of diagnosis over 47 years (14 families with 54 sib pairs) yielded a multipoint nonparametric linkage score of 3.30 (equivalent to a lod score of 2.36; P ϭ 0.009), very near locus (87.6-100.9 cM on our map). Finally, in a nondiabetic obese sample of 258 sib pairs from 152 pedigrees, there was some evidence for linkage over a broad area on most of the q arm for percent body fat (P Ͻ 0.004), BMI (P Ͻ 0.008), and fasting insulin (P Ͻ 0.0005) (42) . Two of the above studies found evidence for a locus very near our third lod score peak (11, 12) , whereas results from Zouali et al. (13) may suggest the existence of two loci, one near our second peak and one close to the PCK locus where we observe no evidence for linkage. In contrast to two of the above studies (11, 13), we also find no evidence for linkage when we performed ordered subset analysis based on age of diagnosis. HNF-4␣, the gene for MODY1, is a member of the nuclear receptor superfamily, a family of transcription factors that play an important role in cellular regulation linking extracellular signals and transcription responses. Five newly identified rare variants were present in one diabetic family each and were not found in at least 70 controls. Three of these were near splice junctions, but it is not expected that these variants will disrupt the splicing machinery because of the distance from the conserved splice junction sequences. Unfortunately, reverse transcription-PCR on RNA from peripheral blood has, thus far, failed to amplify reliably HNF-4␣ mRNA, so it has not been possible to determine whether these variants have an effect on normal splicing. We conclude, from the effect of removing these families, that rare diabetes-specific variants in the HNF-4␣ gene cannot explain the high lod scores in 20q in our data. The observed drop in lod score, when the five families are removed, is consistent with the selection of families for scanning on the basis of high IBD sharing in this region. Furthermore, these families were typical of the 64 families in the evidence they provided for linkage. One variant in intron 1b, T(-38)C, was significantly more common in controls compared with affecteds in our dataset but Malecki et al. (39) found the same variant to be less common in controls, although their result was not significant (39) .
We are aware of two other relatively important candidate genes on chromosome 20, agouti signaling protein (ASP, 53.5-58.9 cM on our map) and HNF-3␤ (approximate location, 50 cM). Mutations of the murine agouti gene are associated with obesityrelated type 2 diabetes through possible changes in calcium flux in skeletal muscle (43) ; HNF-3␤ has been found to regulate positively the expression of the MODY genes, HNF-4␣ and HNF-1␣, and their downstream targets (44) .
In summary, we have found evidence for linkage for diabetes and diabetes-related traits on chromosome 20p and 20q, confirming and strengthening earlier reports. Ordered subset analysis has given corroborative evidence for more than one susceptibility gene for type 2 diabetes and related phenotypes. We have also found five rare variants in the HNF-4␣ gene, but these are unlikely to account for the linkage results on chromosome 20q. Further analysis of a large replication sample and extended pedigree analysis of families studied in this sample may allow confirmation of linkage. Concurrent linkage disequilibrium analysis, which will include geographical stratification based on birthplaces, may also enhance mapping resolution for eventual positional cloning.
